Abstract: Genome size (haploid nuclear DNA content) has been found to correlate positively with cell size and negatively with cell division rate in a variety of taxa. These cytological relationships manifest in various ways at the organism level, for example, in terms of body size, metabolic rate, or developmental rate, depending on the biology of the organisms. In birds, it has been suggested that high metabolic rate and strong flight ability are linked to small genome size. However, it was also hypothesized that the exceptional cognitive abilities of birds may impose additional constraints on genome size through effects on neuron size and differentiation, as has been observed in amphibians. To test this hypothesis, a comparative analysis was made between genome size, cell (erythrocyte) size, and brain size in 54 species of parrots and cockatoos (order Psittaciformes, family Psittacidae). Relative brain volume, which is taken as an indicator of investment in brain tissue and is widely correlated with behavioural and ecological traits, was found to correlate inversely with genome size. Several possible and mutually compatible explanations for this relationship are described.
Introduction
Recent research has revealed that the cognitive abilities of birds far exceed traditional expectations (e.g., Lefebvre et al. 2004; Sol and Price 2008) . It has been shown, for instance, that some species of birds can use and even construct simple tools, are able to learn and recall detailed information, have long-term and episodic memories on par with those of some primates, and may be capable of self-recognition (e.g., Weir et al. 2002; Fagot and Cook 2006; Hunt et al. 2008; Prior et al. 2008) . These behavioural discoveries have been paralleled by a new appreciation for the neural complexity displayed in the avian brain, which may surpass that of many mammals (Avian Brain Nomenclature Consortium 2005) .
It has long been hypothesized that brain size is related to learning (e.g., Rensch 1956) , and investigations of behavioural, morphological, and ecological correlates of brain size have featured prominently in avian cognition research (Miller and Tallarico 1974; Bennett and Harvey 1985; Lefebvre et al. 2004; Schuck-Paim et al. 2008 ; but see Healy and Rowe 2007) . In a notable recent example, a comparison of parrot brains by Schuck-Paim et al. (2008) demonstrated that relative brain size (brain volume per unit body mass) is positively correlated with climatic variability. The implication is that birds with larger relative brain volumes, and thus more flexible behavioural repertoires, are better able to cope with unstable habitats (Sol and Lefebvre 2000; Sol et al. 2007 ). Similar results have been reported for other volant vertebrates, as Ratcliffe et al. (2006) found that bats with larger relative brains were more behaviourally flexible.
With a project underway to sequence the genome of the Zebra Finch (Taeniopygia guttata) specifically as a model for cognition and neural development, avian brain research will soon expand into the realm of large-scale genomics. In addition to analyses of this individual genome sequence, it is becoming possible to study links between the properties of avian genomes and brains from a broader comparative per-spective. In particular, it has been suggested that not only gene sequences but total genome size (amount of DNA per haploid genome) may be related to brain complexity in birds based on considerations of the relationships between genome size, cell size, and cell division rate (Gregory 2002a) . Such a comparison between genome size and brain size seems especially relevant in light of recent comparisons among mammals indicating the importance of considering neuron size and number when investigating differences in brain size and behavioural complexity (Herculano-Houzel et al. 2006) .
Parrots and cockatoos (order Psittaciformes, family Psittacidae) represent an excellent group in which to investigate possible links between genome size, cell size, and features related to cognitive ability. Together with their sister group, the Passeriformes (Hackett et al. 2008) , the Psittaciformes exhibit some of the largest relative brains and telencephalic volumes among birds (Iwaniuk and Hurd 2005; as well as some of the best-known examples of high intelligence. The present study provides the first test of potential relationships between genome size, cell size, and brain size in birds by using original genome size and erythrocyte size data from 54 species of parrots and cockatoos in combination with compiled data for brain volume, body mass, and ecological traits.
Materials and methods

Samples
In total, air-dried blood smears were obtained from 101 individual birds representing 54 species and 24 genera, taken while the birds were receiving routine health assessments or medical treatments at clinics and breeding facilities in southern Ontario, including the Animal Hospital of High Park, the Arkell Poultry Research Centre, the Burloak Animal Clinic, the Links Road Animal and Bird Clinic, and Longo's Aviaries. All sampling was performed by qualified veterinarians, technicians, or breeders in accordance with University of Guelph animal care policies (Animal Utilization Protocol No. 06R093). Blood smears from the endangered Kakapo (Strigops habroptila) were provided by the New Zealand Department of Conservation (Permit No. CA20623RES) and imported into Canada under permits issued by CITES (Export Permit No. 08NZ00123, Import Permit No. CA022). Upon completion of this study, all Kakapo blood smears were destroyed by immersing them in 10% bleach for 24 h.
Sources of data
Genome sizes were estimated by Feulgen image analysis densitometry using protocols described in detail elsewhere (Hardie et al. 2002; Andrews et al. 2009 ). Cell area and nucleus area were measured by image analysis following Wright staining as in Andrews et al. (2009) . Data on body mass were gathered from Dunning (2008) and other published sources (Forshaw 1989; Simone-Freilicher 2007; Schuck-Paim et al. 2008) . The body mass used for the Rose-headed Parakeet (Pyrrhura rhodocephala) was estimated by averaging mean masses for the genus Pyrrhura, which were compiled from Dunning (2008) and SchuckPaim et al. (2008) . Absolute brain volume data were available from the literature for 50 species of Psittaciformes included in the present study SchuckPaim et al. 2008) . As an index of investment in brain tissue, relative brain volume was calculated as absolute brain volume divided by body mass. In addition to morphological variables, data for food preference(s), flock size, and habitat were assembled from two parrot reference guides (Forshaw 1989; Juniper and Parr 1998) . Finally, 32 records on the minimum age of captive parrots and cockatoos were retrieved from Brouwer et al. (2000) and data on ''wing loading'' (using wing length as a substitute for wing area) were taken from Costantini et al. (2008) .
Statistical analyses
Species-level comparisons were made using Pearson correlations with log-transformed data, corrected for body mass as appropriate by using regression residuals. Felsenstein's (1985) phylogenetically independent contrasts (PICs) were calculated for log-transformed values using the PDAP module (Midford et al. 2002) in Mesquite version 2.5 (Maddison and Maddison 2008) . This could only be performed at the genus level, as species-level phylogenetic hypotheses are not yet available for these birds; this resulted in a smaller sample size and lower statistical power (e.g., Martins et al. 2002) but can be used to provide confirmation of results obtained without PICs at the species level. Three phylogenetic hypotheses were used based on those presented by Wright et al. (2008) : (i) consensus tree based on maximum parsimony, (ii) maximum likelihood, and (iii) Bayesian analysis. Branch lengths were taken from the latter two trees, but these were not available in the maximum parsimony tree. Analyses were performed with the parsimony tree with branch lengths set to 1 as well as after being estimated by each of the methods of Grafen, Lee, and Pagel in Mesquite (Maddison and Maddison 2008) . Performing PICs using trees with different branch length estimates was used as a way to test the sensitivity of the correlations to differences in branch length.
Results
The mean (±SD) genome size for the 54 species of Psittaciformes studied was 1.41 ± 0.14 pg, ranging from 1.21 pg in the Alexandrine Parakeet (Psittacula eupatria) to 1.84 pg in the Superb Parrot (Polytelis swainsonii) ( Table 1) . While the mean genome size of parrots is larger than that of passerines (1.32 pg; Andrews et al. 2009) , it is close to the average for the class Aves as a whole (1.45 pg; Gregory 2008) .
Based on direct correlation analyses of log-transformed data, strong positive relationships were found between genome size and both dry nucleus area (r = 0.62, p < 0.0001, n = 54) and dry cell area (r = 0.60, p < 0.0001, n = 54) (Fig. 1A ) in erythrocytes. Both nucleus and cell size were significantly correlated with body mass (nucleus size: r = 0.30, p < 0.03, n = 54; cell size: r = 0.63, p < 0.0001, n = 54), although the relationship between genome size and body mass was marginal (r = 0.25, p < 0.07, n = 54). Not surprisingly, body mass was positively correlated with absolute brain volume (r = 0.96, p < 0.0001, n = 50) and negatively correlated with relative brain volume (r = -0.84, p < 0.0001, n = 50). Genome size was not correlated with absolute brain volume (r = 0.18, p = 0.22, n = 50), although the relationship became marginally negative following mass correction (r = -0.26, p = 0.07, n = 50). By contrast, the in- verse relationship between genome size and relative brain volume was significant (r = -0.36, p < 0.001, n = 50) (Fig. 1B) , although this did become weaker following mass correction (r = -0.27, p = 0.06, n = 50).
Genome size was positively correlated with nucleus and cell size using PICs at the genus level, regardless of the tree or branch lengths used (all r = 0.41-0.54, all p = 0.01-0.06, n = 20). Genome size and body mass were not significantly correlated using PICs with any tree (all p > 0.29). The relationship between genome size and relative brain volume was negative with all trees, thus supporting the validity of the uncorrected species-level correlation, although the significance of the PIC analysis did depend on the branch length estimation method (Grafen method: r = -0.48, p = 0.03; Nee method: r = -0.42, p < 0.07; Pagel method: r = -0.45, p < 0.05; branches equal to 1: r = -0.40, p < 0.08; Bayesian: r = -0.37, p = 0.11; maximum likelihood: r = -0.30, p = 0.19; all n = 19). Mass correction did not affect this result.
Relative brain volume was inversely correlated with wing loading following mass correction (r = -0.39, p < 0.01, n = 50), but the relationship between wing loading and genome size was nonsignificant when corrected for body mass (uncorrected: r = 0.28, p < 0.05, n = 54; mass corrected: r = 0.15, p = 0.27, n = 54). Minimum age in captivity was not correlated with genome size (uncorrected: r = 0.30, p = 0.10, n = 32; mass corrected: r = 0.22, p = 0.24, n = 32), nor was it correlated with relative brain size (mass corrected: r = 0.18, p = 0.33, n = 32) in the present data set.
Although caution is warranted due to unequal sample sizes among categorical variables, some potentially interesting ecological patterns can be explored in a preliminary way. For example, species living in open landscapes (mean ± SD: 1.31 ± 0.08 pg, n = 7) appear to have smaller genomes than arboreal species (1.42 ± 0.15 pg, n = 47) (t test or Wilcoxon rank sum test: p < 0.05). Second, parrots that are found in large social groups (>100 individuals, 1.33 ± 0.09 pg, n = 9) may have smaller genome sizes than those that are often encountered in smaller flocks ( 100 individuals, 1.41 ± 0.15 pg, n = 39); however, in this case, the pattern was not statistically significant based on the current data set (t test or Wilcoxon rank sum test: p > 0.12). Categories related to diet did not differ significantly from one another in terms of mean genome size in this study (ANOVA or Kruskal-Wallace test: p > 0.2): frugivores, 1.45 ± 0.15 pg, n = 19; plant generalists, 1.41 ± 0.16 pg, n = 21; granivores, 1.37 ± 0.15 pg, n = 6; omnivores, 1.32 ± 0.05 pg, n = 6.
Discussion
Consistent with previous reports among vertebrates generally, across avian orders, and most recently within the order Passeriformes (Gregory 2001a (Gregory , 2001b (Gregory , 2002a Andrews et al. 2009 ), genome size and nucleus/cell size were positively correlated within the Psittaciformes in the present study, including following correction for phylogenetic nonindependence. In addition, the present analysis revealed an inverse correlation between genome size and relative brain size in these birds. This relationship is not driven by a simple scaling with body size, as it persists following mass correction with regression residuals. However, it should be noted that the significance of the genus-level PIC analysis was influenced by branch length estimates, such that it remains desirable to perform a species-level PIC analysis with reliable branch lengths when such a tree becomes available.
The possibility exists that the observed correlation between genome size and brain size is spurious, being the result of independent correlations with factors such as growth rate, flight ability, or longevity. Growth rate does not appear to correlate with genome size in birds (Gregory 2002b) , which makes this explanation unlikely. By contrast, it has recently been reported that a measure of ''wing loading'', taken as an inverse indicator of flight ability, is correlated positively with genome size (Costantini et al. 2008) . However, a relationship between wing loading and genome size was not significant in the current study following mass correction. It bears noting that this measure of wing loading used wing length (Costantini et al. 2008 ) rather than wing area (Andrews et al. 2009 ), which may have affected the relationship. Similarly, longevity was recently reported to correlate positively with genome size (Costantini et al. 2008) , but this was not repeated using the larger present data set, nor was longevity related to relative brain size. It is important to point out that the measure of ''longevity'' used in these studies is not maximum recorded life span but mini- mum age of birds in captivity at the time the data were compiled (Brouwer et al. 2000) , which leaves open the possibility of correlations with actual longevity data (but see Gregory 2002b) .
Rather than being spurious, it seems plausible that the observed relationship between genome size and relative brain size is functional in nature. Specifically, a larger relative brain size may be taken to reflect an increased investment in cognitive function and may also be linked to increases in the complexity of brain tissue organization. There are at least three possible (and mutually compatible) reasons that genome size could be linked to brain size in this capacity.
The first is that an increased emphasis on energetically costly brain tissue imposes additional metabolic demands (Armstrong and Bergeron 1985) . To the extent that erythrocyte size, which the present study shows is correlated positively with genome size in Psittaciformes, influences oxygen exchange and metabolic efficiency, this could impose a constraint on genome size in addition to that relating to flight (Hughes 1999; Gregory 2002a; Andrews et al. 2009 ).
The second is that the larger individual neurons are, the fewer can be fit within the limited space of the skull. A lower number of neurons and connections among them would result in a less complex organization of brain tissue, and there may be constraints on neuron size in this sense. A relationship between genome size and neuron size has yet to be demonstrated in birds, but such a situation does occur in both frogs and salamanders in which taxa with larger genomes/neurons exhibit simplified brains (Roth et al. 1994) .
The third explanation involves cell division rate rather than cell size, which is also thought to correlate with genome size in comparisons of similar cell types. Cell division and differentiation rate themselves can contribute to the limitations on brain complexity (Roth et al. 1994 ) but may be especially important in birds that undergo apoptotic degradation and regeneration of neurons at a high rate during periods of peak learning (Nottebohm 2002; Li et al. 2007) . It remains to be demonstrated empirically that genome size is causally linked with the rate of cell division in birds, but such a correlation has been observed in plants and other taxa (Gregory 2001a) .
The comparisons among ecological parameters, although tentative, are potentially interesting and worthy of further investigation. For example, open landscapes are less stable than arboreal environments, the latter of which act as buffers to climatic fluctuations and provide many resources within a smaller area. As such, the requirements for behavioural resourcefulness may be higher in open environments (Sol and Lefebvre 2000) , and there is preliminary evidence that birds in these environments exhibit smaller genomes. Likewise, smaller genomes might be expected in large social groups, as gregariousness in birds could require more sophisticated social and communication capabilities, which create additional pressures for increased brain complexity. As Dunbar (1993) noted in reference to social mammals, ''there is a species-specific upper limit to group size which is set by purely cognitive constraints: animals cannot maintain the cohesion and integrity of groups larger than a size set by the information-processing capacity of their neocortex.'' If genome size affects the cognitive machinery of the brain, then birds that form large, intimate flocks may have more constrained genome sizes. Although the relationship between flock size and genome size was not statistically significant in the present (unbalanced) sampling, this could be explored with additional data. The present data set did not provide strong evidence that diet, which could place limits of the availability of protein for brain development or create metabolic trade-offs between cognition and digestion (Bairlein 1996; Fleck and Tomback 1996; Koutsos et al. 2001; Iwaniuk et al. 2004) , imposes constraints on genome size in these birds, but again, this was based on an uneven sample.
There is little doubt that the evolution of birds such as parrots has involved enhancements of brain structure and function and that these are mediated in large part by genetic factors. For this reason, the effort to sequence the genome of a model bird species (Taeniopygia guttata) for use in investigating the genetics of neural development is a very welcome development. As the present study has revealed, there may be additional genomic factors to consider in comparisons of brain size among birds, most notably total nuclear DNA amount. The relationships between genome size, the sizes, numbers, and division rates of neurons, relative brain size, behavioural complexity, and social/ecological environment remain to be investigated but likewise represent intriguing areas of future study.
